Numerous studies have reported that human umbilical cord mesenchymal stem cell (hUCMSC) therapy can rescue the structure and function of injured tissues. The aims of this study were to explore the protective role of hUCMSC transplantation in a model of accelerated ovarian aging and to compare 2 methods of transplanting hUCMSCs, i.e. i) via intravenous injection (IV) and ii) in situ ovarian micro injection (MI). Female mice were subjected to superovulation and ozone inhalation to create a model of accelerated ovarian aging with a decline in both the quantity and quality of oocytes. Cells were transplanted via IV or MI, and ovaries were removed after 2 weeks or 1 month of treatment. Ovarian reserve and function were evaluated based on the follicle counts, hormone levels, the estrous cycle, and reproductive performance. Cell tracking, terminal deoxynucleotidyl transferasemediated dUTP nick end labeling (TUNEL), real-time polymerase chain reaction (PCR), and Western blot analysis were used to assess the inner mechanisms of injury and repair. Results indicated that ovarian function increased significantly after treatment with hUCMSCs. Immunofluorescence revealed reduced TUNEL staining and a decreased percentage of apoptotic cells. A higher level of expression of anti-apoptotic and antioxidant enzymes was noted in the ovaries of groups treated with hUCMSCs. These parameters were enhanced more when mice were treated with hUCMSCs for 1 month than when they treated with hUCMSCs for 2 weeks. IV was better able to restore ovarian function than MI. These results suggest that both methods of transplantation may improve ovarian function and that IV transplantation of hUCMSCs can significantly improve ovarian function and structural parameters more than MI transplantation of hUCMSCs can.
Introduction
Aging of the ovaries is characterized by a gradual decline in both the quantity and quality of oocytes. At the 16 th -20 th week of fetal development, the ovaries contain 6-7 million primordial follicles (1, 2) , which serve as a source of developing follicles (1, 3, 4) . Unfortunately, the number of oocytes inevitably declines with age. At birth, approximately 1-2 million primordial follicles remain in the ovaries (5) . By the onset of puberty, the number of primordial follicles declines to only 300,000 to 400,000 (6, 7) . At child-bearing age, the number of primordial follicles decreases steadily at a rate of about 1,000 follicles per month and drops below 1,000 at the average age of 51 years (menopause) (8) (9) (10) .
As the follicle count decreases with age, oocyte quality also diminishes. The products produced by oxidative stress during daily metabolism may cause aging (11) . Long-term greater oxidative stress damage may be involved in the process of ovarian aging (12, 13) . Previous studies have indicated that oxidative stress harms oocyte development. A study that examined the relationship between oxidative stress and poor oocyte quality suggested that women who undergo IVF have a higher proportion of degenerative oocytes and a significantly higher level of 8-hydroxy-2'-deoxyguanosine (8-OHdG, a marker of the degree of DNA oxidation) in the ovarian follicular fluid (14) . When women who failed to become pregnant after IVF were given antioxidants, they had a markedly lower level of 8-OHdG in the follicular fluid and a higher pregnancy rate. Recent studies have also suggested that mitochondrial dysfunction is involved in age-related damage to oocytes. The undesirable changes caused by excessive free radicals can result in cellular injury that increases with age (15, 16) . Along with an age-related decrease in estrogen levels, the absence of the beneficial effects of estrogen on oxidative stress finally causes damage to the ovaries. This may explain the significantly increase in the rate of congenital birth defects in women over age 38 (17) . The accumulation of oxidative damage and an accompanying diminishing of antioxidant defenses will ultimately lead to ovarian aging.
Based on these findings, a new a model of accelerated ovarian aging was created to induce a decline in both the quantity and quality of oocytes by superovulation and ozone inhalation. Repeated ovulation was induced in mice by sequentially administering pregnant mare serum gonadotropin (PMSG), human chorionic gonadotropin (hCG), and prostaglandin F2α (PGF2α) to reduce the primordial follicle pool. Ozone inhalation was used to increase oxidative damage throughout the body, including the ovaries.
Previous studies have suggested that stem cells have the ability to differentiate into a variety of cell phenotypes, so they can be used to treat various diseases. Given this contention, suitable stem cells could most likely be used to delay ovarian aging. Stem cell therapy has been found to restore the fertility of patients, although its mechanism is unclear (18) . Mesenchymal stem cells (MSC) derived from Wharton's jelly of the human umbilical cord (human umbilical cord MSCs, or hUCMSCs) have displayed characteristics similar to those of bone marrow mesenchymal stromal cells (BMSCs). Compared to BMSCs, hUCMSCs have many merits as a cell treatment because of their relatively large capacity for ex vivo expansion, low risk of viral infection, lack of donor morbidity, and less pronounced immunogenicity (19) (20) (21) . Evidence has shown that hUCMSCs have unique advantages compared to BMSCs (22) , which make them a promising source of cells for treatment. According to previous studies, stem cells to treat ovarian injury are primarily administered via intravenous injection (IV) or in situ ovarian micro injection (MI) (23) (24) (25) (26) . However, very few studies have examined suitable forms of hUCMSC therapy to delay ovarian aging. The current study sought to evaluate 2 different forms of hUCMSC therapy for protection against ovarian aging in an animal model in order to offer a better form of cell therapy.
Materials and Methods
This study was conducted in the Stem Cell Research Laboratory in Gynecology & Obstetrics. This study followed procedures consistent with the guidelines for the care and use of laboratory animals issued by the Academy of Tongji Medical College at Huazhong University of Science and Technology.
Preparation, culture, and identification of hUCMSCs
hUCMSCs were prepared, identified, and cultured according to a recently published protocol (23) . At passage 6, the expression of cell surface markers was analyzed with flow cytometry using fluorescein isothiocyanate (FITC)-conjugated human monoclonal antibodies such as CD14 (BioLegend, 325623), CD31 (BioLegend, 303103), CD34 (BioLegend, 343603), CD105 (BioLegend, 323203), CD45 (BioLegend, 304005), CD44 (BioLegend, 338803), CD73 (BioLegend, 344015), human leukocyte antigens-D region (HLA-DR, BioLegend, 307603), phycoerythrin (PE)-conjugated human antibodies against CD90 (BioLegend, 328109), and PE-CD29 (BioLegend, 303003). Adherent cells were detached by treatment with 0.25% trypsin ethylene diamine tetraacetic acid (EDTA) and incubated with monoclonal antibodies, resuspended in 0.4mL phosphate buffer solution (PBS), and immediately analyzed using a flow cytometer. To further detect the differentiation potential of hUCMSCs, osteogenic and adipogenic experiments were conducted, and alkaline phosphatase (ALP) and oil red O staining were used to indicate differentiation.
Creation of an animal model
Female C57BL/6 mice (6 weeks old, weighing 16.7 ± 0.8 g) were obtained from Beijing HFK Bio-Technology (Beijing, China). All mice were housed in a specific pathogen-free (SPF)-grade facility with a controlled temperature (25°C) and light cycle (12 h light, 12 h dark). To create a model of accelerated ovarian aging, mice were super-ovulated via an intraperitoneal injection of 5 IU of pregnant mare serum gonadotropin (PMSG) (Hangzhou Animal Medicine Factory, Hangzhou, China). Forty-eight hours after PMSG administration, the mice were intraperitoneally administered 5 IU human chorionic gonadotropin (hCG) (Livzon Pharmaceutical Group Inc., Guangzhou, China); 19 hours later, 25 IU of PGF2α (Hangzhou Animal Medicine Factory, Hangzhou, China) was administered intraperitoneally. Five hours after PGF2α administration, the sequential administration of the P2 www.biosciencetrends.com BioScience Trends Advance Publication P3 a micro injector while mice in the MI-p2w and MI-p1m groups were injected with 10 μL of PBS alone to serve as a control. No leakage was apparent after transplantation.
Ovarian follicle counts and morphological analysis
Two weeks or 1 month after cell transplantation, 6 mice from each group were sacrificed and their ovaries were removed and fixed for sectioning. Mouse ovaries fixed in 4% paraformaldehyde for 24 h were transferred to 70% ethanol, embedded in paraffin, and successively cut lengthwise into sections of 5 μm. Every fourth section was mounted on a glass slide. Ever other slide was stained with hematoxylin and eosin and analyzed under a microscope by 2 researchers who were blinded to the origin of the sections. Only follicles containing oocytes with a nucleus were scored in histomorphometric evaluation, as originally described (34) . In all sections, the numbers of primordial, growing, and antral follicles were tallied to obtain the count of each type of follicle in a given ovary.
Hormone examination
Sterile non-heparinized tubes were used to collect blood samples from non-pregnant mice during the diestrus three agents was repeated 10 times in 30 days (27) . To induce ozone inhalation, mice were placed in a halfopen system in which an ozonator (manufactured by Beijing Kang Er Xing Technology Development Co. Ltd., Beijing, China) had been placed on a rack. An ozone meter (manufactured by Beijing Kang Er Xing Technology Development Co. Ltd., Beijing, China) was used to measure the ozone concentration inside the cage during the experiment. Once the ozonator was turned on, the fresh airflow that entered the ozonator was regulated to maintain the ozone concentration in the center of the cage at 1.2 mg/m 3 (28, 29) . The mice were exposed to ozone for 8 h (20:00-04:00) each day until the end of the last cycle of superovulation. A photograph of intraperitoneal injection and a diagram of the ozone chamber are shown in Figure 1 .
Animal groups
One hundred and twenty-six mice were randomly divided into 2 groups. The normal control group (NC, n = 12) consisted of untreated normal mice and the model group (Mod, n = 114) consisted of mice with accelerated ovarian aging. Once the model was created, 6 mice from each group were sacrificed to assess ovarian function. The remaining mice were divided into 8 groups: IV-u2w, IV-p2w, MI-u2w, MI-p2w, IV-u1m, IV-p1m, MI-u1m, and MI-p1m. Each group consisted of 12 mice.
PKH26 labelling
hUCMSC membranes were labeled with a lipophilic dye, PKH26, usong the PKH26 Red Fluorescence Kit (Sigma-Aldrich) according to the manufacturer's instructions (30) . The labeled cell suspension was diluted to almost 1 × 10 6 cells/mL. The collected cells were then stained with trypan blue to ensure cell viability was over 95%. Cells were then used for cell therapy.
hUCMSC transplantation
Mice in the IV-u2w and IV-u1m groups were administered hUCMSCs via the tail vein for 2 weeks and 1 month, respectively, and the IV-p2w and IV-p1m groups were treated with PBS. As shown in Figure 2 , mice in the intravenous group (IV-u2w, IV-u1m) were injected intravenously with 1 × 10 6 hUCMSCs in 100 μL of PBS as described in previous studies (31) (32) (33) . Mice in the IV-p2w and IV-p1m groups were injected with 100 μL of PBS alone. The same amount was injected the following day. In the IV-u1m group and IV-p1m group, PBS was injected again 15 and 16 days after the first injection.
In the in situ micro injection groups (MI-u2w and MI-u1m), a total of 2 × 10 6 hUCMSCs in 10 μL of PBS was injected directly into the bilateral ovaries with 
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BioScience Trends Advance Publication P4 of the estrous cycle in sterile non-heparinized tubes. The blood samples were centrifuged at 3,000 rpm for 5 minutes, and serum was collected and stored at -80°C until analysis. Levels of serum E2 and P were measured using an enzyme-linked immune sorbent assay (ELISA) according to the manufacturer's instructions (Cayman Chemical Company, Ann Arbor, MI, USA).
Estrous phase and fertility tests
Five mice in each group were used in estrous cycle and fertility tests. The estrous cycles of the female mice were regularly assessed every morning between 08:00 and 9:00 AM using vaginal cytology (35, 36) . Mating trials were initiated 20 days after hUCMSC treatment and lasted for 4 months. The number and survival rate of fetuses and the time of birth were recorded to evaluate reproductive performance.
Detection of apoptosis
Apoptotic cells in ovarian tissue sections were identified with an in situ Cell Death Detection Kit, POD (Roche, Germany) according to the manufacturer's instructions. Paraffin sections of the ovaries were dewaxed, rehydrated, digested with proteinase K (10 µM) for 5 min, incubated in TUNEL enzyme (10% v/v; Roche) and TUNEL label (90% v/v; Roche) for 60 min at 37°C, and mounted in ProLong Gold medium containing 4',6-diamidino-2-phenylindole (DAPI). Negative control sections were incubated with a TUNEL reaction mixture without enzyme (terminal deoxynucleotidyl transferase, TdT). Finally, the sections were observed and digital images were recorded using a Leica inverted SP5 confocal laser-scanning microscope (Leica Microsystems, Wetzlar, Germany).
Real-time fluorescence quantitative polymerase chain reaction (qPCR)
Total RNA in the ovaries was extracted. Real-time PCR was performed using the AB StepOne Plus PCR machine (Applied Biosystems, Foster City, CA, USA) as described in a previous study (37) . The PCR amplification of all transcripts was performed with the gene-specific primers listed in Table 1 . Primers were found in the literature or designed with software Primer 3.0. The quality and identity of each PCR product was determined using melting curve analysis. The expression of mRNA was calculated using the delta-delta Ct method, with relative gene expression = 2 -(∆Ct sample-∆Ct control) (38) . All data were normalized to expression of glyceraldehyde-3phosphate dehydrogenase (GAPDH).
Western blot analysis
Western blot analysis was performed as previously described (39) . Cell membranes were incubated overnight at 4°C with a primary antibody against superoxide dismutase 2 (SOD2, Abcam, UK, ab13533, 1:5,000 dilution), catalase (CAT, Abcam, UK, ab16731,1: 2,000 dilution), Bcl-2 associated X protein (Bax, Abcam, UK, ab32503, 1: 5,000 dilution), Bcl2 (Abcam, UK, ab32124, 1:1,000 dilution), or β-actin (Sigma,1: 1,000 dilution). Afterwards, membranes were incubated with a horseradish peroxidase-conjugated anti-rabbit or antimouse antibody (1:3,000 dilution) for 30 minutes at room temperature and washed 3 times with trisbuffered saline tween20 (TBST). After incubation with a chemiluminescent substrate for 5 minutes, protein signals were detected with BIO-RAD ChemiDoc TM XRS (USA) and analyzed with Image LabTM Software.
Statistical analysis
Statistical analysis was performed using the software SPSS ® 17.0 with data expressed as the mean ± SEM. Student's t-test was used to compare the NC and Mod groups to assess the model. One-way analysis of variance (ANOVA) was used to compare hormones, follicle counts, apoptosis rates, and gene expression among the groups. Differences in estrous cycles were evaluated using ANOVA with a post-hoc Tukey's test. Values with p < 0.05 were considered to indicate a significant difference.
Results

Characterization of hUCMSCs
At least 10 days was needed for the first colonies of hUCMSCs to appear, and an extra week was required for them to reach 50-60% confluency. Isolated hUCMSCs in culture were characterized using microscopy and flow cytometry. The morphology of cultured hUCMSCs resembled fibroblasts with few other cells ( Figure 3A) . To determine the extent to which induction resulted in hUCMSC differentiation into adipocytes versus osteoblasts, the cells were examined with oil red O and ALP staining. As shown in Figure 3B and 3C (red cells), isolated hUCMSCs were able to differentiate into both adipocytes and osteoblasts. In addition, flow cytometry was used to recognize the expression of surface markers at passage 6. Results indicated that the cultured hUCMSCs were negative for HLA-DR, CD14, CD31, CD34, and CD45. However, more than 95% of the cell population was positive for the markers CD29, CD44, CD73, CD90, and CD105 ( Figure 3D ).
Assessment of the animal model
In order to assess whether the mouse model of accelerated ovarian aging was effectively created, ovarian morphology, ovarian follicle counts, plasma estrogen and progesterone levels, and reproductive performance were studied. Once the model was created, examination of the ovaries indicated that the ovaries of the NC mice contained numerous follicles in each stage. However, the ovaries of the mice in the Mod group mostly consisted of secondary follicles and atretic follicles, with fewer primordial follicles and primary follicles. Moreover, the plasma levels of estrogen and progesterone decreased, along with fertility, in the Mod group compared to levels in the NC group. These results indicated that the Mod group of mice had diminished ovarian reserve. The specific results are shown below.
hUCMSCs restored ovarian function in terms of both ovarian follicle counts and morphology
Two weeks after PKH26-labeled hUCMSCs were intravenously injected, those cells were tracked in mouse ovaries. However, the labeled cells did not develop into follicles or oocytes. Follicles stained with hematoxylin and eosin in each stage in all groups are shown in Figure 4A -J. Female mice who were super-ovulated and subjected to ozone inhalation exhibited physiological ovarian aging. The NC group of mice had61.5 ± 10.3 primordial follicles, and the Mod group of mice had 38.0 ± 7.1 primordial follicles (Mod vs. NC, p < 0.01). There were fewer primordial and primary follicles in the ovaries of the mice in the Mod group than in the NC group. Moreover, the number of secondary follicles and atretic follicles in the Mod group was higher than that in the NC group (p < 0.01 for secondary follicles and p < 0.05 for atretic follicles).
The hUCMSCs were administered intravenously or via in situ micro injection. Ovaries were removed 2 weeks or 1 month after treatment, and the number of each type of follicle was determined. Ovaries from mice that were treated with hUCMSCs (IV-u2w, IV-u1m, MI-u2w, and MI-u1m) had similar numbers of primordial follicles, primary follicles, and secondary follicles in comparison to the Mod group of mice and the corresponding groups treated with PBS (Figue 4K-M) (p > 0.05). Groups treated with hUCMSCs had a greater number of healthy antral follicles than did groups treated with PBS except for the MI-u2w and MI-u1m groups. After treatment, however, atretic follicles decreased in the IV-u2w, IV-u1m, and MI-u1m groups compared to the corresponding groups treated with PBS. The follicle count did not differ significantly in the IV-u1m group or the IV-u2w group except in terms of the number of atretic follicles. Nevertheless, the atretic follicle count decreased substantially with the duration of hUCMSC treatment in the IV-u1m group than in the IV-u2w group. As shown in this study, 1 month may be the optimal duration of stem cell therapy. The number and percentage of follicles in each group during various stages of development are shown in Figure 4K -Q.
hUCMSCs restored ovarian function in terms of sex hormone levels
Follicular development was evaluated in all groups by monitoring estrous cycles with vaginal smears, and estrogen and progesterone levels in serum were measured. Two weeks or 1 month after hUCMSC treatment, the serum levels of estrogen and progesterone in the treated groups increased significantly compared to those in the corresponding groups treated with PBS (p < 0.05). Levels of estrogen and progesterone did not differ significantly in the MI-p2w group or the MI-u2w group. Estrogen levels in mice increased with the 
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BioScience Trends Advance Publication P7 duration of treatment and differed significantly in groups treated with hUCMSCs for 1 month or 2 weeks (the MI-u1m group vs. the MI-u2w group, p < 0.05; the IV-u1m group vs. the IV-u2w group, p < 0.05) ( Figure 5A-B) . The levels of progesterone in the IV-u2w, IV-u1m, and MI-u1m groups increased significantly compared to the corresponding groups treated with PBS. Similar to estrogen, progesterone levels did not differ in the MI-u2w group or MI-p2w group.
hUCMSCs restored the estrous cycle and reproductive performance
All mice in the NC group exhibited a regular 4-5-d estrous cycle and each phase of the estrous cycle had a normal length. Once the model was created, the mice displayed a prolonged estrous cycle with a significant increase in the duration of the metaestrus phase; 37.5% of mice had irregular cycles and 62.5% had cycles that ceased. Two weeks or 1 month after hUCMSC treatment, a significantly higher percentage of mice in the IV-u2w (25%), MI-u2w (12.5%), IV-u1m (37.5%), and MI-u1m (25%) groups had regular cycles compared to the corresponding groups treated with PBS, i.e. the IV-p2w (0%), MI-p2w (0%), IV-p1m (0%), and MI-p1m (0%) groups. Mice treated with hUCMSCs for 1 month were compared to those treated with hUCMSCs for 2 weeks. Results revealed that the percentage of mice with a regular cycle increased with the duration of hUCMSC treatment, regardless of the method of transplantation ( Table 2 ). The decline in fertility and fecundity is the most obvious outcome of ovarian aging, so the mean litter size and mean number of litters were analyzed in both groups after 4 months of breeding. Both the number of newborns per litter and the total number of litters decreased markedly in the Mod group (7.4 ± 1.3; 37) compared to those in the NC group (10.2 ± 1.5; 51). The pregnancy rate did not decrease significantly in any group (Table 2) . Moreover, no external morphological abnormalities were noted in the offspring of the groups. Mice treated with hUCMSCs for 2 months had similar numbers of litters and numbers of newborns per litter compared to their counterparts, which suggests that short-term transplantation of hUCMSCs does affect the reproductive performance of mice. When female mice were treated with hUCMSCs for 1 month and mated with normal males of proven fertility, those females were significantly more fertile than the female controls. The number of newborns per litter and the total number of litters increase in the IV-u1m (9.8 ± 1.7, 49) and MI-u1m (10.2 ± 1.6, 51) groups in comparison to those in the IV-p1m (7.6 ± 0.9, 38) and MI-p1m (8.2 ± 2.1, 41) groups, which suggests that 1 month of treatment may be more suitable to restore fertility (p < 0.05) ( Table 2 ). In addition, the pregnancy rate and survival rate were similar among the groups. progesterone (B) increased significantly compared to levels in the corresponding groups treated with PBS, and those levels did not differed significantly in the MI-u2w group and the MI-u2w group. The * symbol represents the Mod group versus the NC group or groups treated with hUCMSCs versus corresponding groups treated with PBS, * p < 0.05, *** p < 0.001; The # symbol represents the IV-u1m group versus the IV-u2w group or the MI-u1m group versus the MI-u2w group, # p < 0.05. 
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hUCMSCs reduced the apoptosis of granulosa cells
Once the model was created, granulosa cells and other cells in the ovaries experienced dramatic apoptosis. Blue staining in the ovaries indicates the nucleus and green staining indicates TUNEL-positive GCs. The apoptosis of GCs in the Mod group was almost 1.5-fold of that in the NC group. Two weeks and 1 month after hUCMSC transplantation, the percentage of TUNEL-positive GCs in these 2 treated groups was significantly lower than that in groups treated with PBS, as shown in Figure 6A -B. The number of apoptotic GCs decreased after hUCMSC treatment (the IV-u2w group vs. the IV-p2w group, p < 0.05; the IV-u1m group vs. the IV-p1m group, p < 0.05; the MI-u1m group vs. the MI-p1m group, p < 0.05). The percentage of apoptotic cells decreased in the MI-u1m group compared to that in the MI-u2w group (p < 0.05) but did not differ significantly in the MI-u2w group or the MI-p2w group. Values are expressed as the mean ± SEM.
hUCMSCs restored ovarian function via antioxidant and anti-apoptotic enzymes
Gene expression in the groups treated with hUCMSCs was compared to that in the groups treated PBS, revealing that some genes that regulate antioxidant and anti-apoptotic action were altered. The groups treated with hUCMSCs expressed more SOD2, CAT, and Bcl2 mRNA and less Bax mRNA than did the groups treated with PBS ( Figure 7) . Levels of mRNA expression of some genes (SOD2 and Bcl2) were significantly higher in the IV-u1m group than in the MI-u1m group but those levels did not differ significantly in the IV-p1m group or the MI-p1m group (Figure 7A, D) . The level of expression Bcl2 mRNA was much higher in the IV-u2w group than in the MI-u2w group (p < 0.05), as shown in Figure 7 D.
The level of protein expression was examined, revealing a trend like that observed with mRNA levels, as shown in Figure 8 . Antioxidant and anti-apoptotic proteins increased and pro-apoptotic proteins decreased in the groups treated with hUCMSCs. hUCMSCs were found to restore ovarian function, and this observed effect was presumably due to high levels of antioxidant and anti-apoptotic enzymes since the ovaries did not form any oocytes or GCs. Hence, this action means that hUCMSCs are suitable for regenerative cell therapy.
Discussion
A woman's fertility is known to decline with age. The gradual loss of fertility becomes more prominent after the age of 35 and stops during menopause at a mean age of 50-51 years (40). The ovaries have accelerated aging relative to the aging of other body systems, and ovarian aging is described as a gradual decline in the quantity and quality of ovarian follicles (41) . The current study attempted to utilize continuous superovulation via repeated injections of PMSG, hCG, and PGF2α to accelerate the consumption of follicles as well as ozone inhalation to increase oxidative damage to the ovaries in order to create a model of accelerated ovarian in mice.
Once the model of accelerated ovarian aging was created, ovarian reserve diminished and the number of atretic follicles increased. Current evidence suggests that the estradiol level decreases relatively late in the process of ovarian aging and that the plasma level of progesterone does not change significantly (42) (43) (44) . The current results indicated that the plasma levels of estradiol and progesterone decreased in the Mod group of mice. The estrous cycles of older mice were longer and then the capacity for maintaining cycles finally disappeared. Most of the vaginal lavages from acyclic mice were leukocytic (i.e. diestrus or metaestrus) (45) . In the current study, the percentage of mice in the Mod group with irregular cycles and cycles that ceased increased markedly with a decrease in plasma levels of estradiol and progesterone. Menstrual changes are therefore considered to be an early manifestation of ovarian dysfunction. A decrease in the follicle count with age indicates the onset of cycle irregularity and the final cessation of menses (46, 47) , which is the final step in the process of ovarian aging. Moreover, the corresponding age-related decline in oocyte quality is widely known to be a major impetus for low pregnancy rates in aging females. In the current study, fertility and fecundity declined markedly in the Mod group of mice.
The current results indicated that the plasma levels of estradiol and progesterone increased in the group treated with hUCMSCs for 1 month and the IV-u2w group. This finding may be due to the increase in normal healthy antral follicles and the decrease in atretic follicles. The percentage of regular cycles also increased after hUCMSC transplantation. A higher percentage of mice treated with hUCMSCs for 1 month exhibited regular cycles and higher numbers of newborns per litter. The current results indicated that transplantation via injection in the tail vein and treatment for 1 month are more suitable for restoration of ovarian function. In this study, both methods of transplantation yielded satisfactory results in terms After hUCMSC treatment, the expression of mRNA of antioxidant and anti-apoptotic genes increased significantly. Levels of expression increased more in the groups treated with hUCMSCs for 1 month than in those treated with hUCMSCs for 2 weeks. The levels of Bax increased in the Mod group and decreased in the IV-u 2m, IV-u 1m, and MI-u1m groups compared to the corresponding groups treated with PBS. The * symbol indicates the Mod group versus the NC group, groups treated with hUCMSCs versus corresponding groups treated with PBS, the MI-u1m group versus the IV-u1m group, or the MI-u2w group versus the IV-u2w group, * p < 0.05, ** p < 0.01; The # symbol indicates the IV-u1m group versus the IV-u2w group or the MI-u1m group verus the MI-u2w group, # p < 0.05.
Figure 8. Effect of hUCMSCs on the expression of antioxidant and anti-apoptotic proteins in mice ovaries. (A)
Representative Western blots of SOD2, CAT, Bax, and Bcl2 in the ovaries of mice. (B-E) The relative levels of expression of SOD2, CAT, Bax, and Bcl2 protein in each group. The level of expression of SOD2, CAT, and Bcl2 increased and the level of expression of Bax decreased in the IV-u1m, IV-u2w, and MI-u1m groups. The level of protein expression did not differ significantly in the MI-u2w or MI-p2w groups. The * symbol indicates the Mod group versus the NC group, groups treated with hUCMSCs versus corresponding groups treated with PBS, the MI-u1m group versus the IV-u1m group, or the MI-u2w group versus the IV-u2w group, * p < 0.05. B C D E of restoring ovarian function, although these two approaches did differ significantly in some respects. Intravenous injection has several advantages over in situ ovarian micro injection. Intravenous injection is generally less invasive, it has more marked effects, and it can more effectively restore ovarian function. After hUCMSC treatment, ovarian function in mice recovered as expected, although transplanted cells did not develop into follicle components. Apoptosis is likely to be a relevant mechanism in the process of ovarian aging (48) (49) (50) . Previous studies have shown that stem cells can inhibit apoptosis through secretion of stanniocalcin-1 and paracrine factors and they can enhance the oxidative stress response pathway. Apoptosis generally increases to a very high level when mice are subjected to oxidative stress. After hUCMSC treatment, the number of TUNEL-positive cells decreased significantly, indicating that hUCMSCs can reduce apoptosis caused by superovulation and oxidative stress.
Reactive oxygen species (ROS) are considered to be an underlying factor for aging and may initiate aging by causing oxidative damage (51) . Increased levels of endogenous ROS and diminished antioxidant defenses lead to a wide range of cellular oxidative damage, which includes a subsequent decrease in ovarian quality. The current results also indicated that ovarian expression of SOD2 and CAT decreased considerably compared to that in the NC group. After hUCMSC transplantation, expression of SOD2 and CAT increased in all groups except the MI-u 2w group. In the IV-u1m group of mice, the expression of SOD2 and CAT was markedly higher than that in the IV-u2w and MI-u1m groups. Thus, the observed effect was most probably due to enhanced expression of genes coding for antioxidant and antiapoptotic enzymes.
Over the past few years, human MSCs have been extensively studied in clinical trials to treat various conditions such as neurological diseases, cardiovascular diseases, immune diseases, gastrointestinal diseases, and blood diseases. However, only a few studies have determined an optimal method for stem cell transplantation, at least in the field of reproductive medicine. The current study compared 2 general forms of stem cell therapy and findings revealed that IV, which is widely used in clinical settings, is more suitable to restoring ovarian function. Recent clinical studies have suggested that traditional Chinese medicines such as Kuntai capsules can effectively alleviate clinical symptoms, increase levels of estrogen, and decrease levels of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) in the women with diminished ovarian reserve or premature ovarian failure (52, 53) . Traditional Chinese medicines are usually taken orally. Nonetheless, IV may be the best route for administration of traditional Chinese medicines. Regardless, a better understanding and proper use of hUCMSCs may offer hope to women with aging ovaries who wish to conceive.
